Abstract. The morphological and biochemical properties of isolated mitochondrial inner and outer membranes are summarized and discussed in relation to the functional organization of the intact mitochondrion. The enzymatic composition of the mitochondrial inner compartment is compared to over-all mitochondrial function. The role of the mitochondrial outer compartment is discussed with reference to both the inner membrane-matrix fraction and the intact mitochondrion.
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The outstanding feature of the mitochondrion is its indigenous ability to perform integrated enzymatic activities. The mitochondrion is a self-sufficient work unit possessing all the necessary enzymes, coenzymes, and other cofactors required by the individual enzyme complexes catalyzing respiration and phosphorylation; it is a highly organized system orientating and uniting the individual energy-yielding processes into an integrated function aimed specifically at energy conservation; and it is distinctly structural-the structure-function relationship dictating the efficiency of the over-all mitochondrial work performance.
Morphologically the mitochondrion appears to contain two distinct compartments-the outer and inner compartments-so delineated by two separate membrane systems.1 The outer membrane forms the outer surface of the mitochondrion and is separated from the inner membrane by an intermembrane space. The outer membrane and the intermembrane space make up the mitochondrial outer compartment. The inner membrane, comprised of highly invaginated and structurally distinct cristae, encloses the matrix space of the mitochondrion. The inner membrane and the matrix space constitute the mitochondrial inner compartment.
As revealed electron microscopically,2 the inner membrane is characterized by distinct projections (80-90 A spheres) extending from its inside surface into the matrix space. This morphological characteristic imparts to the inner membrane not only a topological but also a functional directionality or sidedness. It is well established that the respiratory chain constitutes an integral part of the inner membrane.36 The functional sidedness of the inner membrane is illustrated by the fact that succinate7'8 and NADH910 interact with the respiratory chain only from the inside (matrix) surface of the inner membrane, whereas cytochrome c appears to be accessible preferentially by way of the outside sur-face."-"3 On the basis of such evidence (cf. also refs. 14, 15), it seems that there is a transverse or looplike orientation of the respiratory chain components with respect to their positions in the inner membrane. Furthermore, it has been demonstrated that the enzyme system responsible for the phosphorylative process resides on the inside surface of the inner membrane, most probably in the projecting subunits. 16 Conformational changes of mitochondrial proteins have recently been considered by several investigators'718 as the possible primary event in respiratory chain-linked energy conservation, alternative to those earlier proposed by the "chemical"'9 and "chemiosmotic"20 hypotheses. When mitochondria undergo transitions between the nonenergized and energized states, it is found21-23 that these transitions are accompanied by reversible configurational changes in the structure of the mitochondrial inner membrane. It is believed that conformational changes in individual protein components may be transformed or propagated into such gross configurational alterations which can be correlated with the energy state of the mitochondrial inner membrane. 24 The conformational basis of energy transduction has also been studied in submitochondrial particles.25 '26 Since intact mitochondria readily catalyze the oxidation of endogenous reduced pyridine nucleotides by way of the respiratory chain, it follows that the pyridine nucleotides must be so localized within the mitochondrion that they can easily reach the inside surface of the inner membrane. Pyridine nucleotides are not firmly bound to isolated mitochondrial membranes, and several lines of evidence27 (including the observations that the mitochondrial outer compartment is freely permeable to external pyridine nucleotides,28 whereas the intramitochondrial pyridine nucleotides exchange only very slowly with externally added pyridine nucleotides29) strongly suggest that the endogenous pyridine nucleotides of isolated mitochondria are contained within the matrix space, confined by the inner membrane.
The enzymes of the citric acid cycle and of the p-oxidation sequence of fatty acids catalyze a rapid reduction of the mitochondrial pyridine nucleotides. One would therefore predict that the localization of these enzymes must parallel that of the endogenous pyridine nucleotides, which appear to be contained within the inner membrane. Many attempts to determine the localization of these enzymes by fractionation studies involving the separation of the inner and outer membranes led to a partial or complete solubilization of the enzymes, and conclusions concerning their localization therefore had to be based on certain assumptions which were difficult to prove experimentally.6 27,30-85 Most of these difficulties, however, have recently been overcome with the successful isolation of a mitochondrial inner membrane-matrix fraction,36 without solubilization of pyridine nucleotide-linked dehydrogenases or other enzymes involved in the citric acid cycle-" and fatty acid oxidation,3 thus eliminating the possibility that these enzymes are located in the mitochondrial outer compartment.
The possibility that within the inner membrane-matrix preparation a compartment distinct from that of the matrix space, the intracristal space, is the actual site of the enzymes cannot be completely excluded. Such enzyme compartmen-tation has been proposed recently on the basis of electron microscopic demonstration of distinctly structured material within the mitochondrial intermembrane and intracristal spaces. 8 The transport of negatively charged metabolites, including the di-and tricarboxylic acid intermediates of the citric acid cycle, certain amino acids, and the components of the phosphorylating system, i.e., Pi, ADP, and ATP, requires transporters to facilitate passage from the exterior side of the inner membrane to the matrix side of the inner membrane and vice versa-to and from the sites where these compounds are metabolized.39 In this category belong also the carnitine esters of fatty acids. 40 The available evidence indicates that all these transporters reside in the inner membrane, as do the various cation carriers which utilize respiratory energy for transporting cations through the mitochondrial membrane.4' In this way the mitochondrial inner compartment contains, not only the enzymatic machinery involved in respiratory energy metabolism, but also the devices enabling it to actively regulate its metabolite levels in relation to those prevailing in the rest of the cell.
Extensive studies28"42-44 based on measurements of the space occupied by sucrose and various other substances present in the medium in relation to the total water space of the mitochondria, and correlated with morphological observations, have led to the conclusion that, whereas the inner membrane possesses only a very limited permeability to most substances of a molecular weight greater than 100-150, the mitochondrial outer membrane is freely permeable to a wide range of substances up to a molecular weight of about 10,000. Consequently, the outer compartment of isolated mitochondria reflects the composition of the suspending medium with respect to water-soluble small molecular weight constituents, and studies of its chemical composition have therefore been concentrated on the content of lipids and proteins in the outer membrane.
Although the general lipid composition of the two mitochondrial membranes is comparable, the outer membrane has been reported to contain little cardiolipin45 46 and much higher levels of phosphatidylinositol45 46 and cholesterol47 as compared to the inner membrane. In this respect the outer membrane resembles the microsomal membranes more than it does the mitochondrial inner membrane. Certain enzymic activities such as adenylate kinase,33'35'36'48'49 nucleoside diphosphokinase,36'48'49 nucleoside monophosphokinase48 and NAD +-linked xyltiol dehydrogenase50 have been assigned to the intermembrane space of liver mitochondria on the basis of the extensive release of these enzymic activities from mitochondria treated either hypotonically or with detergent. Very recent studies with trypsin digestion have definitely localized adenylate kinase activity inside the outer membrane.5' A similar localization of ceratine kinase has been reported in mitochondria from heart, skeletal muscle, and brain.2' The role of these various phosphotransferases in the mitochondrial intermembrane space is not known but may well relate to the metabolic function of the tissue as a whole.
The mitochondrion contains certain oxidative enzyme activities which lack obvious relationship to the integrated mitochondrial function of energy metabolism. These activities, however, including a rotenone-insensitive NADH cytochrome c reductase,273334364552 monoamine oxidase,6'27'33'34'3652 and kynurenine hydroxylase36'53'54 are definitely mitochondrial and, as shown by many laboratories, are associated with the outer membrane. Various lipid metabolizing enzymes have also been found in outer membrane preparations40'46'55-59 and it has been suggested56 that the outer membrane may play a major role in the phospholipid metabolism of the mitochondrion as a whole, although this view is not supported by recent studies of intracellular phospholipid exchange.60 This localization of the mitochondrial lipid-metabolizing enzymes is in contrast to that of the mitochondrial RNA6I and protein synthesizing systems,61-63 including the mitochondrial DNA, 64 which are located in the mitochondrial inner compartment. With the exception of kynurenine hydroxylase and possibly monoamine oxidase, all enzyme activities so far identified in the mitochondrial outer membrane are also present in microsomes, although their relative activities and catalytic properties may be different in the two cell fractions.22 Furthermore, the mitochondrial outer membrane lacks certain enzymes characteristic of liver microsomes or subfractions thereof, e.g., cytochrome P-450.5 65 Whether enzymes similar to those found in both the mitochondrial outer membrane and microsomes occur in the other biological membranes as well is a question of considerable future interest Does the mitochondrial outer compartment play any role in monitoring or promoting the functions of the inner compartment? MXIost methods which have been employed to strip the mitochondrion of its outer membrane have resulted in damage to the inner membrane and leakage of matrix material. There are two methods, however, by which one can preserve and isolate the mitochondrial inner compartment in what would seem to be a relatively intact (morphologically and biochemically) state. These are the digitonin method,36 which removes both the outer membrane and the contents of the intermembrane space, and hypotonic treatment in the presence of EDTA,66 which removes only the contents of the intermembrane space, leaving the outer membrane still surrounding the mitochondrial inner compartment.
The inner membrane-matrix fraction3f6 retained most of the integrated functions characteristic of whole mitochondria. Included among these functions was the ability to oxidize NAD+-linked substrates in reactions still coupled to phosphorylation, to exhibit respiratory control and atractylate sensitivity, to incorporate amino acids into proteins, and to undergo oscillatory changes of conformational state similar to those of intact mitochondria. Furthermore, the enzymes of the citric acid cycle were present in this faction and exhibited a latency which is characteristically observed in intact mitochondria. Measurement of citric cycle enzyme activities required "activation" by either sonication or detergent action. Similarly, the 1\ig++-stimulated ATPase activity behaved in a fashion typical of intact mitochondria and could be increased by physical or chemical pretreatments. Also, 2,4-dinitrophenol greatly stimulated the ATPase activity in the inner membrane-matrix fraction in a fashion analogous to intact mitochondria. Thus, the mitochondrial inner compartment seems to be sufficient to perform most of the complex integrated functions of an intact mitochondrion.
A striking distinction between intact mitochondrita and the inner membranematrix fraction3f6 was the effect of AIg++ on the respiratory control ratio. In the absence of 1\'Ig++ and in the presence of EDTA, both intact mitochondria and the inner membrane-matrix fraction exhibited respiratory control. In the presence of Mg++, intact mitochondria showed a marked increase in the extent of respiratory control, while the addition of Mg + + to the inner membrane-matrix fraction abolished all respiratory control. Whether the loss of the Mg++ effect was an intrinsic consequence of the removal of the outer compartment was not answered by these experiments.
Loss of the i\Jg++ effect was also observed in liver mitochondria incubated hypotonically in the presence of EDTA67-a moderate treatment which leaves the inner membrane-matrix fraction intact but which causes a release of the intermembrane space enzymes.66 When reisolated from the incubation medium, mitochondria so treated still retained their outer membranes, as indicated by the sucrose permeable space and the marker enzyme, rotenone-insensitive NADH cytochrome c reductase.67 '68 This would indicate, therefore, that the uncouplinglike effect of MIg++ is not the result of a loss of the outer membrane per se, although it may be a result of the loss of the intermembrane space enzymes. It may, however, be a consequence of a damage to the outer surface of the inner compartment during hypotonic treatment of mitochondria.
In conclusion, the available evidence indicates that the inner compartment of the mitochondrion, consisting of the inner membrane and the matrix space, embodies most of the known integrated functions of the mitochondrion, including substrate oxidation, oxidative phosphorylation and other energy-linked functions, anion and cation translocation, and mitochondrial nucleic acid and protein synthesis. A role of the mitochondrial outer compartment in maintaining or promoting these functions is possible but, as yet, not defined. Continued studies with isolated mitochondria and appropriate subfractions thereof in particular, the inner membrane-matrix preparation'--may be helpful in the future in clarifying such a role.
It should be borne in mind, however, that in the intact cell the mitochondrial outer compartment probably contains low molecular weight cytoplasmic components-cofactors and metabolites because of the permeability of the mitochondrial outer membrane to these substances. The outer compartment of an isolated mitochondrion, on the other hand, is most probably deficient in such cytoplasmic components. In addition, the protein components of the cytoplasm may exert an osmotic pressure on the outer membrane that is not duplicated in experiments usually performed with isolated mitochondria. Also, the mitochrondrial outer membrane may act as a binding site for cytoplasmic enzymes, for example, hexokinase.69 Indeed, in the intact cell, the mitochondrial outer compartment most probably functions as an intermediate, rather than an outer, compartment-intermediate with respect to the mitochondrial inner membrane compartment and the remainder of the cytoplasm. Thus, to study the biological function of the mitochondrial outer compartment using isolated mitochondrial preparations may prove to be a very difficult task, and the future elucidation of its role will probably go hand in hand with the understanding of the metabolic interplay between the mitochondrion and the extramitochondrial space of the cell. 
